Laser ignition condition was studied for a new reaction control system using green propellant of GH2/GO2 by the use of laser-produced ablation plasma. Dependence of the laser pulse width on the minimum ignition laser energy was measured experimentally. Temporal behavior of the laser pulse gave an explanation of the dependence in 10 to 22 ns regime. Heating slope threshold consisting of slope threshold and duration threshold was newly introduced for the interpretation. This new concept could describe not only the explanation of the dependence but also a possibility of more efficient ignition condition.
Introduction
The use of environmentally adaptive propellant of non-toxicity, called green propellant, is expected for a new reaction control system (RCS) thruster in future. Toxic propellants of nitrogen tetroxide/ mono-methyl hydrazine are used for the current RCS thrusters because of its high reliability of self ignition. The use of combinations of oxygen/hydrogen or oxygen/methane etc. as green propellants needs ignition energy from outside because they can not be self-ignited. The ignition technology with high reliability should be established for high-repetition operation. The RCS engines should be integrated as a system (28 engines in HTV to the ISS, for instance), resulting in small size and weight thruster system needed.
The laser ignition has been researched as a technology that takes the place of a current spark plug method. There are two methods for laser ignition; one is the use of ablation plasma produced on a solid target material such as metal with pulsed-laser irradiation. The other is the use of breakdown of the ambient gas by focusing the pulsed-laser beam in the gas. It was clarified that the ablation method needed lower energy than that of the breakdown method 1) . In the other previous works using the ablation method 2, 3) , minimum ignition threshold energy of the 10-ns laser pulse of 1064 nm in wavelength from a conventional Q-switched Nd:YAG laser system was 30 μJ with optimal mixture ratio and pressure of gaseous oxygen (GOX) and gaseous hydrogen (GH2). This low ignition energy of the 10-ns laser pulse shows a possibility of realization of small and light-weight laser ignition system. Concerning the other pulse width, however, no study has ever tried laser ignition for GOX/GH2. The study can give criteria to choose a suitable laser equipment with the suitable pulse width. The wavelength which is the other important parameter of the laser equipment is fixed near 1000 nm in this study. Although the use of the shorter wavelength might be able to give lower ignition threshold energy due to the larger absorption into the metal target, the most well-developed, simple, small, and efficient laser systems are distributed near 1000 nm in wavelength such as fundamental Nd:YAG lasers and fiber lasers with pulse width ranging from pico to several hundred nano seconds.
Choice of the laser equipment is also important to realize the laser ignition RCS thruster. With the laser wavelength fixed near 1000 nm, Nd:YAG lasers and fiber lasers can be candidates for the thruster. Requirements for the laser equipment are high quality of the laser beam and supply of the laser pulse to each RCS thruster, in addition to small, light-weight, and robust system. In recent commercial market, small and light-weight Nd:YAG lasers can be seen as products with high beam quality for laser processing. These have potential to be attached on each thruster or to be connected to optical fibers between one or several central lasers and each thruster. Fiber lasers with high beam quality are also sold so much in the laser processing market. They can be connected directly to each thruster via some dividers to distribute the laser pulses from one or several central lasers to each thruster.
A fiber laser was used in this study due to two reasons; one is to check facility of the connection between the optical fiber and the thruster, the other is that several kinds of pulse width can be selected in the settings of the fiber laser controller. The former can clarify the possibility of the use of the optical fiber to the thruster from a view point of engineering. The latter can give the criteria to choose the suitable laser equipment with the suitable pulse width.
Presented in this paper is the study on the laser ignition condition depending on the laser pulse width ranging from 10 ns to 192 ns. The laser ignition experiments are mentioned in section 2, the experimental results and discussions of the laser ignition threshold is discussed in section 3, and concluded in section 4. Figure 1 shows a schematic of the laser ignition experiments. It consists of a combustion chamber with injectors and a nozzle throat, a sequencer controlling the injection valves, a measurement system with sensors, and a fiber laser with focusing optics connected with the combustion chamber.
Laser ignition experiment
The inner diameters of the combustion chamber and the nozzle throat were 10 mm and 3 mm, respectively. An unlike-impinging-doublets-type injector was used. GOX/GH2 propellant was fed through electro-magnetic valves to the injector. The electro-magnetic valves were controlled by the sequencer. The ignition experiment was conducted under an atmospheric condition. The combustion pressure (P c ) was 1.1 MPa and the mixture ratio of oxygen to fuel (O/F) was 3.
The fiber laser used in the experiment was a G3.0 pulsed fiber laser, produced by SPI Lasers UK Ltd. The laser wavelength was 1065 nm in the specification. The laser pulse width (full width at half maximum) of the fiber laser could be set as 10, 19, 22 and 192 ns. Figure 2 shows the laser pulse shapes normalized with the maximum intensity. Definition of the zero second is the time when the intensity goes up to half of the maximum intensity, corresponding to 0.5 in the figure. The repetition frequency of the laser pulse output was simultaneously varied with the pulse width setting, i.e., 500, 250, 125 and 50 kHz for the 10, 19, 22, and 192 ns in pulse width respectively.
The fiber laser was connected to the combustion chamber via an adapter shown in Fig. 3 . The adapter held the fiber laser head and a focusing lens. The fiber laser head can be easily fixed with screws on the adapter without any other adjustment procedure, for example, tilt alignment of the laser beam to the optical axis of the focusing lens. The focusing lenses with 50 to 100 mm of the focal length are available by the use of the adapter so that the focusing condition can be changed in experiments.
The focusing lens held with the adopter can be slid by using a helicoid barrel for focusing. The laser pulse outputted from the fiber laser head propagates through the focusing lens and a quarts planer window on the injector, and finally it is focused on the inner surface of the combustion chamber made of stainless steel. The focal length of the focusing lens was 75 mm in the experiment. The diameter of the laser beam before focusing was 3.1 mm. The focused spot diameter of the laser beam was estimated as 33 μm on the focal plane perpendicular to the laser beam axis, assuming the laser beam to be diffraction limited. A shape of the laser beam focused on the inner surface of the combustion chamber would be an ellipse because of the incident angle of 45 degree. The laser pulse energy on the inner surface of the combustion chamber was measured separately from and calibrated by using a laser power meter.
The laser ignition experiments using GOX/GH2 were conducted at Rocket Engine System Test Stand in Kakuda Space Center, JAXA. Figure 3 shows a picture of the experimental setup using the fiber laser at the test stand.
Results and discussions
Minimum ignition laser energy was investigated for the different laser pulse widths, i.e., 10, 19, 22 and 192 nsec. Figure 4 shows an example of the injection pressure histories of GOX and GH2 and the combustion pressure. Figure 5 shows the correlation between the minimum ignition laser energy per laser pulse (closed circles) and the pulse width. The shorter pulse width gave smaller minimum ignition laser energy. The other correlation is also shown in the Fig.5 for the laser power in average (open squares). The laser power equals a product of minimum ignition laser energy per pulse and pulse repetition rate per second. The shorter pulse width gave higher laser power to ignite the mixture gas.
To discuss these results above, let us consider temporal variation of the heating with the laser pulse. Laser power density of P d is defined as follows using the laser energy of E L , the laser pulse width of t l , and the laser focused area of A,
(1) Figure 6 shows the temporal variation of the laser power density for the ignition cases with the minimum laser 
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energy. These pulse shapes were obtained from the pulse shapes shown in the Fig. 2 , the minimum ignition laser energy per pulse as shown in the Fig. 5 , and the Eq. (1). In case of 10, 19, and 22 ns, the temporal behavior of them are similar up to 4 ns at the peak of the 10-ns pulse. After that, the 19-ns pulse goes up with the 22-ns pulse up to 10 ns at the peak of the 22-ns pulse. The 22-ns goes up more apart from the 19-ns pulse. This common slope in the rising phase of these three laser pulses can be expressed as another ignition threshold. The slope means heating speed by the laser irradiation. If the smaller laser energy, the slope is smaller so that the heating speed becomes slower with lower peak temperature, resulting in failure of the ignition. If the larger laser energy, the slope is larger so that the heating speed becomes faster with higher peak temperature, resulting in ignition. The threshold between them is the common slope because all the three curves are quite closed. They do not have the common peak of the power density nor laser energy. The heating slope threshold can be estimated from the plot in the Fig.6 as 3.8x10 19 W/m 2 /ns with at least less than 8-ns duration. Thus, the heating slope threshold consists of the slope threshold and duration threshold as a necessary and sufficient condition for the ignition.
Influence of the repetition pulses on the ignition threshold should be discussed. Repeated irradiation of the laser pulses can increase baseline temperature. The temperature increase can decrease the minimum ignition laser energy. It is true that the 10-ns case with the highest repetition rate of 500 kHz in the experiment gave the smallest minimum ignition laser energy of 6 μJ. The longer (19 and 22ns) pulse width cases with the lower repetition rate, however, has the common slope with the highest repetition case. This implies that the repetition rate does not influence on the slope threshold as a fact of the experimental result.
Effect of the increased base-line temperature will appear the shorter duration threshold. If the slope threshold and the pulse shape (as a similar figure) are given, the following three elements are automatically determined; the pulse shape, the rise time from the start to the peak of the pulse, and the pulse energy. In case of the duration threshold longer than the rise time, it does not satisfy the heating slope ignition condition, resulting in failure of ignition. With increase of the baseline temperature at that time, the duration threshold can be decreased. In case of the shorten duration threshold less than the rise time, it satisfies the heating slope ignition condition, resulting in ignition. This is a possibility of influence of the repetition pulses on the ignition threshold.
The concept of the heating slope threshold implies more efficient ignition with smaller laser energy. The use of steeper laser pulse with smaller energy has potential to ignite the mixture gas.
Discussions above are in a regime of the 10 to 22-ns pulse width. The 192-ns pulse shape is quite different from the others as shown in Fig. 6 as well as Fig. 2 . The lower-power, longer-duration, and high-energy irradiation of the laser pulse could realize the ignition. Interpretation of the ignition threshold for this case needs further consideration taking into account of larger heat loss properly in a regime of hundreds nano seconds.
Conclusions
Laser ignition condition was studied for a new reaction control system using green propellant of GH2/GO2 by the use of laser-produced ablation plasma. Dependence of the laser pulse width on the minimum ignition laser energy was measured experimentally. Temporal behavior of the laser pulse gave the explanation of the dependence in 10 to 22 ns regime. The heating slope threshold consisting of the slope threshold and the duration threshold were newly introduced for the explanation. This new concept could describe not only the explanation of the dependence but also the possibility of more efficient ignition condition. Further analysis in the longer pulse width case of 192 ns is expected to obtain another hint for understanding the phenomenon and improvement of the ignition performance.
